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Abstract 
There has been an unbalance between demand and supply of electricity in Maharashtra, a shortage of 20% peak power was 
reported in year 2011-12. Demand side management (DSM) in the commercial sector (consuming about 12% of the state 
electricity) can help to bridge this gap. In this paper three DSM options namely global temperature adjustment (GTA), chilled 
water storage (CWS) and variable air volume system (VAVS) are evaluated to give potential energy savings and load shifting. 
Simulation of GTA model for a sample school building gave 21.3% saving in compressor work for a change of room settings 
from 23ÝC, 50% RH to 26ÝC, 40% RH. Model for CWS was simulated for an office building in Mumbai; the results showed a 
cooling load shifting of 1638TRh out of 2075TRh was possible with an optimum tank size of 450kl. Simulation of VAVS for a 
sample school building showed fan energy savings of 68% over CAVS.      
 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Research Center in 
Energy and Environment, Thaksin University. 
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1. Introduction 
 Conventional power planning involves an increase in supply to meet the projected future demand. In India, an 
increase in electricity supply has not been able to keep pace with increase in demand, resulting in shortages. This 
gap between supply and demand can be bridged by DSM. DSM is a portfolio of measures on the demand side to 
modify load curves. In 2011-12 the peak demand of Maharashtra was 20000 MW with a shortage of 4000 MW 
(20% of demand) [1]. This paper focuses on the commercial sector which includes offices, shopping malls, 
hospitals, hotels and consumes about 12% of total electricity [2]. This sector has a growth rate of 12% annually. 
Heat ventilation and air conditioning (HVAC) is a major electricity consuming end use in commercial buildings, 
consuming about 50-60% of total electricity. In this paper three DSM options namely GTA, VAVS, CWS for 
HVAC have been evaluated. These models are used to quantify energy savings and load shifting.
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Organizing Committee of 2013 AEDCEE
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2. Global Temperature Adjustment 
This section describes the global temperature adjustment (GTA) model. ASHRAE has defined comfort conditions 
for a range of 23-26ÝC and 45-60% RH. The main concept of GTA is to save energy by adjusting the room settings 
to the extremes of the comfort zone. GTA is a demand response strategy which is used to shave the peak demand.   
 
 
 
 
 
                                                                            
                                                           Air on coil                      Air to room 
 
 
 
Fig1. Schematic for HVAC system with ventilation air 
 
As shown in the figure 1 the outside air and re-circulated air are mixed before entering the cooling and 
dehumidification coil. The state of the air leaving the coil depends on the room temperature and humidity settings. 
The model is formulated in two parts: 
 
• Heat exchanger model 
• Energy model for compressor 
2.1. Heat exchanger model 
In the cooling and dehumidification coil there is heat as well as mass transfer. Energy estimation for these coils 
can be done by models based on effectiveness-NTU method. The effectiveness-NTU method is used for sensible 
heat exchanger. It can also be used for cooling and dehumidification coils but with some modification in the state 
variables. For sensible heat exchangers, the state variable is temperature, the capacity is the product of mass flow 
and fluid specific heat, and the overall transfer coefficient is the conventional overall heat transfer coefficient. For 
cooling and dehumidifying coils, the state variables are moist air enthalpy, the capacity has units of mass flow, and 
the overall heat transfer coefficient is modified to reflect enthalpy exchange [3]. The following equations are used to 
calculate the modified state variables. The flow chart for calculation is similar to figure 2. 
                                                          
 ܿ௣௦௔௧ ൌ
௛ೞೌ೟೟ೢ೚ି௛ೞೌ೟೟ೢ೐
௧ೢ೚ି௧ೢ೐
            (2.1)  
 
ܿ௣௦௔௧  is the saturated specific heat of air (kJ/kg-K) 
݄௦௔௧௧௪௢ is the enthalpy of saturated moist air at leaving temperature two (ÝC) of water through coil (kJ/kg) 
݄௦௔௧௧௪௘  is the enthalpy of saturated moist air at entering temperature of water twe (ÝC)  through coil (kJ/kg) 
 
 
 ܥ௟ ൌ
௠ೢ௖೛ೢ
௖೛ೞೌ೟
             (2.2)               
 
ܥ௟ is the modified state variable for liquid specific heat (kg)  
mw is the mass flow rate of water through the coil (kg/s)  
Cpw is the specific heat of water (kJ/kg-K) 
 
ܷܣ௛ ൌ
௎஺
௖೛ೢ
             (2.3) 
 
  Room 
 
Cooling       
   coil fan 
Recirculated air 
Fresh air 
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UAh is the modified (UA) product where U is the overall heat transfer coefficient (kW/m2-K) and A is the area of 
heat exchanger (m2)  
 
The state of the air leaving the cooling and dehumidification coil with given temperature and humidity settings can 
be found from Q (cooling load) in (kW) and mass flow rate of air supplied to room ma in (kg/s) which is known 
from the air handling unit (AHU) rating. 
   
ܳ ൌ ݉௔ሺ݄௔௖௟௘ െ ݄௔௖௟௢ሻ             (2.4) 
 
ܳ ൌ݉௪ܥ௣௪ሺݐ௪௢ െ ݐ௪௘ሻ             (2.5) 
 
hacle and haclo are the specific enthalpy of air entering and leaving the cooling and dehumidification coil respectively 
(kJ/kg) 
   
The effectiveness of the cooling coil ߝ is defined as follows 
 
ߝ ൌ ௛ೌ೎೗೐ି௛ೌ೎೗೚
௛ೌ೎೗೐ି௛ೞೌ೟೟ೢ೐
                                           (2.6) 
             
When the settings of the conditioned space are changed hacle can be found out from the outside weather conditions 
and new settings but haclo is unknown which is found by using following sets of equations.  
 
ܥ௠௜௡ ൌ ሺ݉௔ǡ ܥ௟ሻ              
 
ܷܰܶ ൌ ௎஺೓
஼೘೔೙
                  (2.7) 
 
 
By using NTU we can find the new effectiveness for the heat exchanger which in turn will be used to find haclo. The 
effectiveness of cooling and dehumidification coil which is a cross flow heat exchanger is given by following 
equation: 
 
ߝ ൌ ͳ െ ݁
ಿ೅ೆబǤమమ
಴ೝ
ሺ௘ష಴ೝכಿ೅ೆ
బǤళఴ
ିଵሻ             (2.8)            
 
 
ܥ௥ is   
஼೘೔೙
஼೘ೌೣ
 
2.2. Energy model for compressor 
݉ሺ݄ െ ݄ሻ ൌ ݉߂݄௥௘௙             (2.9) 
 
mref is the mass flow rate of refrigerant (kg/s) 
                                                    
ܹ̵ ൌ
ఊ
ఊିଵ
݉ܴܶሺܥ
ംషభ
ം െ ͳሻ                                       (2.10) 
Wc’ is the compressor work in (kW) and Ts is the temperature at suction pressure (K) Cm is the compression ratio 
      
ܹ ൌ
ௐ̵
ᐭᐭ
                                                                                                                                     (2.11) 
 
Wm is the power consumption of the motor (kW).ᐭ and ᐭ  are the efficiencies of motor and compressor 
respectively.                        
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The compressor work is calculated for current room settings by using equations (2.9) – (2.11) directly. In case of 
changed settings the enthalpy of air leaving the coil is unknown. The heat exchanger model is used to find the 
effectiveness of the heat exchanger for changed room settings and outside conditions. Calculation flowchart of the 
model is given in the figure. The enthalpy of air leaving the coil is then calculated from the effectiveness. The 
compressor work for changed settings is then calculated and compared. 
 
3.  Variable air volume system model 
 
Central air conditioning systems generally use two types of air supply system: 
 
• Constant air volume system (CAVS) 
• Variable air volume system  (VAVS)   
 
CAVS as name suggests supplies constant volume of air to the conditioned space irrespective of the cooling load. 
When the cooling load of the conditioned space reduces, CAVS varies its supply air temperature to match the 
cooling load. 
 
VAVS on the other hand vary its supply air volume flow rate at reduced load. The variable airflow volume is 
achieved by VAV boxes. The boxes have a modulating damper that throttles in response to the thermostat setting. 
When the indoor temperature conditions vary from the set point, the VAV box damper responds by restricting or 
increasing the supply air volume to the space. The air-handling unit serving the VAV distribution network is 
provided with a variable frequency drive (VFD) to alter the fan speed in relation to the airflow demand. Thus the fan 
power is less as compared to constant volume system. 
 
   3.1. Calculations for Model 
 
In VAVS system, it is necessary to find the mass of air supplied to the conditioned space at reduced loads to 
calculate the energy consumption of fan. Mass of air can be found out by using the heat exchanger model mentioned 
in subsection A of GTA model. The heat exchanger model is used to find the state of air leaving the cooling coil. 
The flowchart for calculation is shown below. The energy consumption of fan can be found from equations 3.1 and 
3.2 [4]. 
    
௩ܲ௔௩௦ ൌ
௫య௉೎ೌೡೞ
ᐭ೑ᐭ೘ᐭೡ೑೏
            (3.1) 
                                                                                                                                                      
 
ݔ ൌ  ௠ೌ
௠ೌೝ
                                       (3.2)  
 
Pvavs is power consumption of fan for VAVS  (kW) 
Pcavs is power consumption of fan for CAVS  (kW) 
ᐭ௙ǡ ᐭ௠ᐭ௩௙ௗare efficiencies of fan, motor and vfd. ma and mar are mass flow rate of air supplied by VAV and 
CAV system respectively (kg/s)  
 
     3.2. Case Study for Model 
 
Mehmet Azmi et al [5] in their study have developed a model to quantify energy consumption of VAVS system. The 
data from [5] was used to verify the model developed in this paper. The study was carried out for a school building 
in Adana, Turkey. The cooling period was taken from April 21 to October 21 which covered 184 days. The building 
has three identical floors and a gross area of 1628 m2. The hourly cooling load of the building was calculated for 
typical day of each month. The operation of building is from 0800 hrs to 2400 hrs. The weather data for Adana was 
obtained from [6]. The mass of air to be supplied to the space was assumed and then calculations were made 
according to the flow chart as shown in the figure2 given below. 
 
 
 
 Vishal Vadabhat and Rangan Banerjee /  Energy Procedia  52 ( 2014 )  541 – 551 545
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig2. Flowchart for VAV model 
 
      
 
 
 
 
 
 
 
 
Variables as input: (UA), two , twe , Q, Weather data 
         Calculating from above: (UA)h,Cpsat, hcle , mw 
 
Assuming initial value of ma and also setting 
small value of į, k=0 
Calculate leaving air enthalpy haclo from equation (2.4) 
Calculate effectiveness of heat exchanger using (2.6) 
Calculate Cl and NTU from equation (2.2),(2.7) 
Calculate ߝԢ new effectiveness by using NTU method 
use equation (2.8); Set ߝ as  ߝᇱ 
abs(mak- manew)<= į 
mak = manew 
k =k+1 
set  
mak = manew 
 
Calculate leaving state of air݄௔௖௟௢’ from equation (2.6) 
Set ݄௔௖௟௢ as ݄௔௖௟௢’ 
Calculate new value of manew from equation (2.4) 
 
No 
Yes 
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Table1. SYSTEM CHARACTERISTICS     
 
 
Air flow  
(kg/hr) 
 
Fresh air   (m3/hr) 
Max 
cooling 
load 
(kW) 
Fan 
power 
(kW) 
 
Comfort 
conditions 
 
37348 
 
7001 
 
131.1 
 
26 
26ÝC, 
50%RH 
4. Chilled water storage system 
The figure3 shows schematic of chilled water storage system. The water circuit and refrigerant circuits are shown 
separately. The chilled water storage system operates in two modes (1) Off peak mode (2) Peak mode  
     4.1. Off Peak Operation           
In the off peak mode, pump p1 is used to carry the warm water from the tank through the valve v1 to the chiller and 
store it at bottom of tank. Pump p2 is used to carry chilled water from the chiller to the cooling coils, according to 
the cooling load. Valve v2 allows passage of chilled water from the chiller. Thus the cooling load of the building is 
taken care by chiller in this mode. Following calculations are made during off peak operation 
۱۱ۯ۾ ൌ ۼ۱ۯ۾ כ ܎܋܊             (4.1)    
CCAP is capacity of chiller at off design conditions (kW), NCAP is nominal capacity of chiller (kW) and fcb is 
correction factor depends on outside weather condition [7]; it can be obtained from manufacturer’s data.          
ܲܮܴ௜ ൌ
஼௅೎೔ା஼௅ೞ೔
஼஼஺௉೔
                     (4.2) 
PLRi is the part load ratio on chiller at ith hour. CLci is cooling load taken care by chiller (kW) at ith hour. CLsi is load 
on chiller for charging the chilled water in the storage tank.  
 
ܧ௖௘௜ ൌ ܥܥܣ ௜ܲ כ ܧܫܴᇱ כ ݐ௜               (4.3) 
 
Ecei is the electrical energy consumed by the chiller in (kWh) during ith hour, ti is the time for which the chiller is 
working value of which is limited from 0-1 hour. EIR’ is energy input ratio at off design conditions [8]. 
 
ܧܫܴᇱ ൌ ܽ ൅ ܾܲܮܴ ൅ ܿܲܮܴଶ                           (4.4) 
 
The values of a,b and c can be obtained from manufacturer’s data. 
݉௪ଶ ൌ
஼௅೎೔
ସǤଶሺ௧೎ೝି௧೎ೞሻ
                                                    (4.5) 
 
mw2 is mass flow rate of water in (kg/s) handled by pump p2 during  ith interval. tcr, tcs are temperature of water 
returning from chiller and supplied by chiller respectively (ÝC). 
 
݉௪ଵ ൌ 
஼௅ೞ೔
ସǤଶሺ௱௧ೢೞሻ
                                                       (4.6) 
mw1 is mass flow rate of water in (kg/s) handled by pump p1 during ith interval.  ߂ݐ௪௦ is difference in temperature 
between warm and chilled water stored in tank (ÝC). 
 
ܧ௣ଶ௜ ൌ
௠ೢమכ௚כ௛మ
ᐭ೛כᐭ೘మ
                                                                   (4.7) 
 
ܧ௣ଵ௜ ൌ
௠ೢభכ௚כ௛భ
ᐭ೛כᐭ೘భ
                                                       (4.8) 
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Ep1i and Ep2i is electrical energy in (kWh) consumed by pump p1 and p2 respectively; both the pumps would run for 
1hour in ith time interval. 
 
ܧ௙௜ ൌ
௩೑כ௱௉ೝ
ᐭ೑כᐭ೘
                                                              (4.9) 
Ef is fan energy consumption (kWh); vf is rated volumetric flow rate of air (m3/s), ߂ ௥ܲis the pressure drop given by 
manufacturer, ᐭ௙ is the fan efficiency. Fan is assumed to be operating for 1 hour for interval i
th time interval. Off 
peak hours are taken as 10pm to 6pm as tariffs are lowest during this period. It is assumed that if there are multiple 
chillers then they would operate at same PLR during off peak periods. 
 
4.2. Peak Operation 
 
In peak mode, the warm water is cooled in the chiller and then pumped by p2 to the cooling coils through valve v2. 
Similarly chilled water stored in the tank is also pumped to cooling coils by pump p2, p1 is off. 
 
ܲܮܴ௜ ൌ
஼௅೎೔
஼஼஺௉೔
                                                                       (4.10) 
 
 
 
 
 
 
 
 
 
 
 
                                               v2 
 
 
                                                                                                                  v1 
 
 
Fig3. Schematic of chilled water storage system 
 
4.3. Case Study 
 
The model was simulated for an office building in Mumbai. The system details are given below [9]. Time of use 
tariff (TOU) is used [10]. The total energy cost of chillers, fan, and pumps is minimized using constraints as shown 
below. 
 
Table2. HVAC system details for building 
 
Chiller 
capacity 
(TR) 
Max 
cooling 
load (TR) 
Cooling 
load 
(TRh) 
Pump1 
head (m) 
Pump2 
head (m) 
110*2 170 2075 12 20 
 
Table3. Efficiencies of subsystems 
 
܏p1 (%) ܏p2 (%) ܏m1 (%) ܏m2 (%) ܏f (%) 
70 70 75 80 65 
 
݂ ൌ ෌ ሺܧ௖௘௜ ൅ ܧ௣ଵ௜ ൅ ܧ௣ଶ௜ ൅ ܧ௙௜ሻ כ ݎ௜
ଶସ
௜ୀଵ   
Subjected to following constrains 
ͲǤʹͷ ൑ ܲܮܴ௜ ൑ ͳ 
 
C
Chiller 
Condenser 
Cold Water 
Warm Water 
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෍୧
ଶସ
௜ୀଵ
ൌ෍୧ כ ୧ כ ୧
ଶସ
௜ୀଵ
൅෍ୱ୧
ଶସ
௜ୀଵ
 
Ͳ ൑ ݐ௜ ൑ ͳ 
 
5. Results 
 
5.1. Global Temperature Adjustment (GTA) Model Results  
 
Model was simulated for an office building located in Nagpur for a typical day of April. The room settings were 
changed from 23ÝC, 50%RH to 26ÝC, 40%RH. The settings were changed from 10am to 6pm when the cooling load 
is at peak. The resulting change in the compressor work is plotted in figure5. The figure also shows variation in 
temperature with time. The energy consumption of compressor from 10am to 6pm was 544 kWh before GTA, after 
GTA it reduced to 429 kWh resulting in 21.6% energy savings. 
 
 
 
Fig4. Comparison of compressor work before and after GTA 
 
5.2. Variable Air Volume System (VAVS) Model Results 
 
 
 
Fig5.  Fan energy consumption VAVS vs CAVS 
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The above figure shows the comparison of VAV and CAV systems. The energy consumption of CAVS remains 
constant throughout the day and is 416 kWh for typical day of any month, whereas the energy consumption of 
VAVS varies hourly (with the cooling load). Figure6 shows the variation of energy consumption of VAVS for 
typical days of April and August. The energy consumption of VAVS for months from April to October is listed 
below. The total energy consumption of CAVS and VAVS are found to be 76960 kWh and 24497 kWh respectively. 
Thus VAVS consumes about 31.8% energy compared to CAVS. It is seen that energy consumption of VAVS is 
more than CAVS in August. This is because the efficiency of variable frequency drive is considered in calculation of 
fan power, also efficiency of motor at reduced speeds is lower as compared to base case (CAVS). 
 
Table4. Month-wise energy consumption VAVS vs CAVS 
 
Month Apr May Jun Jul Aug Sep Oct 
Ec(kWh) 6656 12896 12480 12896 12896 12480 6656 
Ev(kWh) 1173 3434 3456 3571 6970 3979 1914 
Ev/Ec 0.176 0.266 0.276 0.276 0.540 0.318 0.287 
 
5.3. Chilled Water Storage (CWS) Model Results 
 
The optimization of the objective function was carried out using OPTIM-TOOL in MATLAB. Active-set algorithm 
was used for this purpose. The results gave part load ratio values for the two chillers for each hour and also the time 
of operation of chillers in 1hour interval. These results were used to find size of storage tank. The results below 
show cooling load distribution by chiller and chilled water storage; it was found that out of 2075TRh of cooling load 
1638TRh is shifted to stored chilled water. The tank required for this purpose is 450kl capacity. Figure7 shows 
modification in load curve of chiller after the use of chilled water storage. The results showed peak demand shifting 
of 646.5kW which is almost 80% of total peak load. 
 
 
Fig6. Hourly cooling load sharing by chiller and storage 
 
Fig7. Hourly electricity comparison before and after storage 
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5.4. Effects of options on building load profile 
 
The effects of three DSM options on a hospital building load profile are discussed in this section. The hospital 
building is located in Mumbai. Certain assumptions are made for this purpose; it is assumed that HVAC consumes 
about 60% of total electricity of the building. The chiller and fan consumption are assumed to be 60% and 28% of 
total HVAC consumption respectively; using the results obtained in previous sections ; the change in the load profile 
of a hospital building with DSM options are shown. 
 
               (a) Effect of GTA on building load profile                 (b) Effect of VAVS on building load profile 
 
 
 
                                                                    (c) Effect of CWS on building load profile 
 
Fig8. Effects of DSM options on building load profile 
 
6. Conclusions 
The paper successfully combines modelling as well as case studies showing benefits of DSM options. This paper 
can be used to find the changes in the hourly electricity consumption pattern of commercial buildings on 
implementation of three DSM options (Variable air volume system, Global temperature adjustment and Chilled 
water storage system). The user can find changes in the consumption pattern of a building for any location just by 
changing local conditions in the models. HVAC consumes about 50% of the total electricity of the building. In this 
paper three DSM options for HVAC are modelled and the effect of these options on building load profile has been 
studied. The results show that 21% saving in compressor work can be achieved by changing the temperature and 
humidity settings of the conditioned space to extremes of comfort zone. The variable air volume system (VAVS) 
can save 52463 kWh of fan power consumption, which is equivalent to 68% energy savings as compared to constant 
air volume system. Case study for chilled water storage shows that peak load shifting of 80% can be achieved for 
optimal storage tank size. A tool is developed in this study which can be used to obtain potential energy savings and 
load shifting from any commercial building. This tool can be used for any region; the user has to input the local 
conditions to obtain potential savings from the DSM options. This tool can be used as a base to promote these three 
DSM options. 
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